MICROCOPY  RESOLUTION  TEST  CHAflT 

NATIONAL  BUREAU  OF  STANDARDS-  1963-jK 


University  of  Notre  Dame 
Department  of 
Metallurgical  Engineering 
and  Materials  Science 
Notre  Dame,  Indiana 

46556 


Approved  foi  public  rc’ec 

Distribution  Unlimited 


Department  of  Metallurgical  Engineering 
and  Materials  Science 
University  of  Notre  Dame 
Notre  Dame,  Indiana  46556 


FOREWORD 


This  technical  report  was  prepared  by  the  Magnetic 
Materials  Properties  Group  at  the  University  of  Notre  Dame, 
Department  of  Metallurgical  Engineering  and  Materials  Science. 

Of  the  coauthors.  Dr.  A.  E.  Miller  and  Dr.  C.  W.  Allen  are 
respectively.  Associate  Professor  and  Professor  of  Metallurg- 
ical Engineering  and  Materials  Science.  Dr.  T.  D* Silva  is  a 
Post  Doctoral  Associate  and  H.  Rodrigues  and  K.  C.  Liao  are 
Graduate  Research  Assistants 

The  research  was  performed  under  the  sponsorship  of  the 
Department  of  the  Navy,  Office  of  Naval  Research,  Arlington, 
Virginia  22211,  with  funding  under  Contract  No.  N00014-75-C-0977 
Metallurgy  Program,  Office  of  Naval  Research,  Mr.  W.  G.  Rauch, 
Director. 

The  authors  express  their  appreciation  to  Mrs.  J.  Peiffer 
for  her  diligence  in  preparation  of  this  manuscript. 

Readers  are  advised  that  reproduction  in  whole  or  in  part 
is  permitted  for  any  purpose  of  the  United  States  Government 


This  technical  report  has  been  reviewed  and  approved  for 
submittal  to  the  sponsoring  agency  on  December  30,  1976. 


M 


A.  E.  MILLER 
Group  Leader 
Magnetic  Materials 
Properties 


EDWARD  W.  JERGER 
Associate  Dean 
College  of  Engineering 


(L. 


V JOSEPH  C.  HOGAN  J 
Dean,  College  of  Engineering 
University  of  Notre  Dame 


\fi 


1 


- I 

fa  o» 


fa  m 
14 

•H  *4 


fa 

X 


*0*0  0 
fade 

x o 

W >*  H 

a w 
“ - c* 


tn  u 
•H  4) 
X 
W W 
•H  O 


* fa 
C X 
O w 


M 

£2 

S3 

«sr 


.a 

i*  n 


fa  fa 
£ O' 


0 

■H  C,  q 

64 

N b 

c 

l<  O ’fc 

Hi  0 • 
O nn 

to  fa 
•rt  > 

0 

O to 

m 

fij 

•H 

•H  *H  fa 

fa  to»^ 

d 

W 

> C X 

CX  *<s 

4> 

u 

0 d w 

> C CX 

if 

5 

X 

W Id  *H 

to  w 

3 

fa  • c 

w X 

c 

IM 

A C 0 

fa  10  to  r-H 

CM  O 10 

S 

% 

I* 


> 

ft) 

o» 

c 


S 


4' 

£ 

4) 

> 

C 


C *H  4) 

O W fa 
•H  d *H 
M W 
fa  H W 
*-i  w fd 
P'0 
C C X 
•H  O'  3 • 

to  g ion* 

6.  .£w 

o ^ w tj 


O O OCM^4 
fa  -H  <4 


4)  rj 


X 

% 

H 


w 

u 

§ 

& 

w 


4/ 

X 

W 


t 


V)  c 

•H  O 


\1 


x 

HlO 


ffi 

w 

to 


*0  o 

r~  tj 
O'  o 

rH  H 
O 


X 

n 

H 


a> 

E §» 

I 


I 

VJ 


11 


U 

a 

6 o 

§£“ 

8^  c 
J2  O H 

«)  o o 

- -H  4JH 
3 3 r— l 

?.  X d £ 

5 o > fa 

j ^ fa  x 

<*  x w 

- - _ o ^ y 

fa  d a x e 

,fc£*^  TJ  W p 

- w _ c o K 

d fa  C ig 

c x:  'm  -h 

o w o _ „ 

*H  C X *4  C 

W *4-  C O -0,0 

•H  o O *H  o -rH 

5 "H  ^ O 

•0«y£ft!  W x 

d fa  fa  W w 

C -H  64  4)  (4 

c o l.  WH  rj 

rt  TJ  W 4>  H X fa 

C «0  I 
4)  O 4) 

Q.  w b 

o fa  d 

*0  C fc 


In/m 

*4 


d fa  fa 
•H  *0  1 
6.  3 fa 
4*  w U 

w 'H  rs 

•H  C f* 
(4  O' 


'cm 

•o 


CM 


cT 


j ’n 

03  » 


o ^ 


x • 

•KM  +C 
64  Ci  o 
"w*-  M 

fa  W 

«,•££ 

U d rH 

d o 

u • 

4J  *4-4 
^ C 4- 
O 4) 

•H  4) 
tO  fa  X 

S.£w 


C T3  to 

.STJfr 

W U fa 
O *0 
•H  X 4' 
6«  rH 
U’D  tP 

V)  c c 

O «0  *rH 

W 10 
fa  >* 
c w C 

tr>  id  o 
2% 
."°o 

C 4-*  tO 

O C 
•H  C 
W *H  O 
d 

N O 
•ri  O * 


a 

"“8 
*«  xi 

V)  O 


TJ 

C >»  C.  fa 

d O *H  6. 

•9  3 

W <0  w 


>n 


..  o 

19  T3 
W 

fa  C 
Q 4) 
4) 
X 


4)  ti  <r 

C 3 » 
O'  fa 

*«  r* 
E C 

^ o e 

C H P 
O 4-»  U 
1 10 


• (U 
to  > 

O r3 

d ^ 

10  4) 
C 3 

2°* 


• 4)  3s  -H 

C7>  4J  40  >,  O M4 

2t^  03  *t)  X 4>  O 

O'  4;  D 3 U 

»0  4J  C C 

>*  C ir>  O o 

to  V -H  5 b *H 

<0  C W-*  4>  *J 

4>  O O ri  O C 

O'  Cl  X C-  4» 

r.  U -H  •**  u 

C O 10  T>  *H 

•h  fc-  C T:  '0 

O *H  O «3  ^ 

?**  J CJ 

^ ^ t«  ox;! 

<0  -H  tt‘  “1  *->  4-4. 

•p  to  t: 

f^*  3 q t)  4| 

n*4#  3 O 

o X X TJ  o 

- - - 0 


•o  — 

3 tj 
4)  4) 
(O  4-» 

a 


£ 

3 nj 

t 4 J 

r^TJ  to 

0 4;’ 

41  (?  u ac 
C Ht4  U rMg  c 
CJH  t4  Cl  >•  4)  Q 

rsro  jo  a.  *->  u *-« 

O CEO  o 

X O -H  4>  X 5 >S 
U X tJ  U o ‘O  »o 
-fl  O »-•  '0  c 
T3  O C 4*0 

r-4E  PX'HU  H 

O o a*  *j  i?  c ^ 

CJ  4-*  to  V)  10  u 

csfco  a c o o 

3s  *H  *H  CX  tO  C ..  . . 

H W O CQO.’H(jr-irOM 

X to  rj  i-  o *J  M *j  o - w 

* *H  C 4-*  r-4  3 • 10  > X C 

^ rl  K -H  O 4>  O >.•»■»  D 

-o  *0  flj  X to  > X C Cc  > XJ 

OCJClC-HOt-*^  O HC 
CJ  r-Md  CJ  "O  c -o  c*  o **-fcc 

CM  3r;j  0m4*0  CX 

r^s  r*»  f^rs  o o • u 3h  s ” 
Q ;"3  *-o  <o  o c o x O'  r<i  *n 

lO'OO.CfCCOfOC  r o 

f"<J  o 0 j 3 c-hoo*c 


*4  o 
cow 

o 

•H  to  TJ 
w C O 
n h «o 
t4  w 3 
•H  H 
W *0  t> 
o c c 
c o c 
c -a  3 
*3 
e 

•o^ 
c c- 
O 

•H  X CJ* 
JO 

O O 4-» 

X c 

3 h a» 


4>  >S 
U M 
O *~4  I 

x * x 

w-w  3 


1 to 


•3  C 
COO 

O tl 


to 


to  • o 


i.  c 


OOO 

C 

*-»  O O' 

a.H? 

O' 

to  ^ 

c o 
• 0 

c <M 
O 3 

C k2  41 
X 

4/  -3  W 


x HM  Q h X 4*  w 0 1/i  n *H  o 

j-O  fa  4>  5 0.3  - -4  • • - - 


w N 


woo 

o 

5 ° 3 

w fa  -H 

o *0 

4>  W IQ 
fa  tO  fa 
tO  fa 
4)  rH 
(SO.  id 

06  O W 

•H 
•*  w X 
t-C  fa 
06  4»  o 


to  -h  -a 

fa  W 4) 

3 a c 
w c -H 


id  o'  e 
to  fa 


m 


TJ  4* 

c -o 
»d 


<0  4J 
CO  fa 

R2 


•*  to  4» 

y >x 

fa  *H  W 
0)  3 

ft's 


fa 

ai, 

s4 

to 


c 

I o 

I to  'ri 

c w 
,0  o 
u o 


V ^ 
S r* 
19  £-• 
m E“ 
TJ  -H~ 
C fa  * 
3 4,  0 
O Or* 
a.  x *■ 
E <U» 

O w 
OT7  10 
C fa 
r*43  4* 

tH  Q4 

O C fO 
CJ  o u 
tMH 

>P6  4J  to 
«3  3 
4J  fa  O 
X "J*H 
w cv.  > 
W 4> 
^ fa  fa 
o c.  a 


— « flow  r'jd 

O O to  fa  W C fa  C -H  f*»3  X *J 
CJ  CM  td^rH  . 4)  3H  ri3  WH 

C>«  •*  Cl  10  ^ fa.  O O OtO 

>•  .,  fsRf")>ELCU'«WO 

4>  f~*’J  fa  o C*  £ *H  CMO  Q. 

XOW  X W W O 3 >sE 

W CJ  tO  tO  U TJ  O ll  w O 

r\>,  • a.  cr  a*  fa  -h  o 

CEiOX60tHCCJW4JCJ(0 

■h  h o ih  to  -h  x:  fa  x tj  c id 

ro  o vi  o 4*  c w 3 c/ 

n U)  r-O  > id  id  CX  o w X 

oc  CiflOHC'  CuCU 
•H  CJ  TJ  fa  r-l  fa  4*  H 3 

, X CO  >0  10  3 TJ  CO 

id^3w6toC  w 5 o >, 


4-  *3  •* 

X • C 
w O'  o 0 

'*■*  fa*  W *H 

c <d  w 
c c 4* 
4)  -H  fa  *J 
O W 3 
c J 
4*  ^ 

TJ  O >>  TJ 
C X X c 
& to  id 
cx  *n 
4*  10  O r 
•o  -H  c 3 


s ^ 

o 


o c 
0 o 


> w 
«d 

Hi  M 
O n 


fa  O 
o C 


> to 

•3  E 


X C» 
O C 


1 

PT> 


4)  id 

4J  II 


c fr  to  o 


to 


c ro 

X 4)  O'  fa  . 

W X *H  I C 

C <w  X o 

o X C to  -h 
i-  «H  *->  o 4> 

f^O  W *H  -H  OX 


>s  a O 


E HH  10  3 W X 

1 H C)  O O w : i u 


W CO 


rj  o'G  O o *h  w o *o  a* 

O to  4*  C _CM_T^  4^  C fa  TJ  O £ c 


O to  £ fa 
fa  TJ  fa  W 
3 C 4*  W 
W 3 *J  >. 

flo  y 
fa  CxTJ 

o e 

6X0*0  0 
E o TJ  CJ 
o C ^ 
w o 


o o 
X x 
H 
o 


X 
C)  i-* 
X 

E-  rA 


X .d  X 3 >S  3 3 4»  O -H  r.  to  O 

4-tXWfaQXH^cfc^^gy 


3 3 

O E 
a fa 
E 

o c 

r-t  O *H 
id  d 

o u 
Hi  X X 
O w o 


fa  w 

C ri 

o <d 

2 o 

« 0 
X HI 
W o 


O w 
fa  id 

£5 


Ei 


CM  0 
CM  U 
I 

00  H 


c 

C O 4) 
O -H  X 


td 

c 


I 

1 a» 
d fa 


c X 

>, 

ro 

1 -H  W W 4) 

0 

TJ  Id  O X 3 

» d id 

si* 

■ 

K- 

fa 

faWfa  6» 

* O' 

C 3 w X 0 to 

C E to 

ri 

*> 

fa 

u id  *h  *o  fa 

«d 

<d  0*  w x td 

0 d 

w 

\ 

C 

64  6.  c X 

X 

to  to  *H  fa 

cj  fa  X 

|— * 

fa 

fa  3 w d ^ 

fa 

10  *H  g O E 

X 

u 

•H 

X W <0  s-r 

X 

rs 

X w x CO  X 

C H fa 

w 

X 

O 

W Id  O n. 

rH 

10  id  Hi  w c 

O X 

2 

H 

CO 

Vi  «A  W 3 ^ 

fa 

M-r 

ft  Id  fa  *rt 

•H  W 

Ml 

X 

OX  -1 

X 

0 4»  TJ  3 C T 

W • 

3 

m 

C 4)  C O 

w 

W n 6 4 JO  *H  64 

fa—  c 

2 

< 

rH 

fa  X O'TTO 

fa  d w 

•rtO  tH 

H 

id 

tt.  w d c x 

c 

fa  td  X >*  c to 

6s-/ 

CO 

•H 

fa  E Id  1 

•H 

> X *H 

W C C 

si 

>-  (O 

64  tft 

64  HI  M 

>4)  td  hi 

to  fa  0 

r*i 

C*  Q 

fa  tO 

CX  O TJ  6 

C X X C U 0 

OH-H 

4-* 

i 

W (/> 

r.  H rw 

O w fa  w 

W 1-f  w 

CM 

/ 

Q 3 

Id  to 

0 4 Id  E 

s-^ 

•H  TJ  > to  c 

a>  id  61 

fi  0 

<d 

X * 

« CJ 

>. 

W 4>  D'*rt  0 

coo 

r4/ 

U Ck 

> 

1 C Xb  X 

O' 

td  c c cr  tj  *h 

O'  w 

X X 

A 

TJ 

<4  0 au  jm 

61 

N-ri  0 a)  w 

d TJ  10 

V OO 

•H 

c id 

•#i  tj  0 ^ 

fa 

•H  e rH  c fa  fa 

E C-H 

^ < (J 

CO 

d c 

C b -3 

c 

w C td  0 *J  0 

•d  -o 

7 S 

d 

b 4>  W O 

fa 

4)  fa  *H  TJ  b 

o 

> |H 

Q 

O'-H 

D CXOITi 

C W fa  W C *H 

X C fa 

R r« 

C TJ 

Cx  fa  Cl  C 

>- 

O'  fa  > Id  *H  *o 

W fa  X 

Z O 

• 

•H  C 

ra  TJ  *h  •*  id 

Cx 

TJ  *0  61  tJ 

rH  w 

< CJ 

H 

64  H 

U C >s 

O 

E 3 -H  >,  Q>  TJ  X 

' 

fa 

fa  d Q JS* 

u 

fa  fa  w rH  x 

c d to 

1 o 

4)  fa  fa 

fa  a>  o 
3 9.H1 
W 5s  4J 
fd  X fa 
fa  o 
4>  »0  X 

E 

4)  X 


•H  4)  4) 
>sX  fa 
C O.W  to 
O O ^ fa 
•H  fa  >* 

W X 4) 
WO  X 
-t  10  *3  W 
O'-h  a 
C C W‘W 
•HflOO 


u-> 

M/ 


T3  C 
4)  4)  O 

X W -H 
W C W 

0 id 

W 10  t4 
fl  CJ-rt 
X fa  w 
w a.  o 
fa  c 

P fa  O'’ 
«d 
£ 


o 


4)  4*  C 
to  x TJ  o 


Tt  , 


C 

o 


to 


H CO 


O 

c fa 

•h  E 

O'  d 


to  fa 

•#-<  3 fa  •*  o 
X W C X CJ 
w to  • 


o 

to 

•H 


fa  fa  4)  H W d U II 
x id  c c d x 

W O O'  CJ  H-t  C >\*rl 

r%-»  15  h o o A fa 


b 0 

He 

C Cj 

6.  rH  x 

c 

c rt  w 

fc=  w 

•H  fa 

M CO 

64 

k) 

-M  0 r-t  ■*  1 

d • 

C 

a>  id 

fa  c 

w c to 

fa 

fa 

O D.  td  >•  rH 

- ^ 

•H 

fa  TJ  M 

HI  c 0 

(!)  fa  4) 

p z 

rH 

rH  64 

E W l|  ^/ 

fa  X 

(0 

3 C *H 

O O'  -H 

N > TJ 

CO  M 

rH 

td  w 

fa  fa  tO  &.  CM 

c 

S'* 

w id  w 

d w 

•H  tH 

•|H 

O O 

to  w >v_/ 

•H  C 

X 

fa  fa 

<0  e cj 

a->  cr>- 

8 >- 

X 

•H  Z 

O 64  CA 

rH  fa 

X rC 

c c 

O -C 

uJ  Cm 

O' 

O.  fa  fa  <0  X 

rH  > 

X O'  0 4*  3 

C CO 

Z O 

• 

64  H4 

64  X O TJ  CM 

td  *H 

fa  d 

•H  X Hi 

C'*H  W 

O P6 

ti3 

3 O 

3 w *.>  c >* 

w O' 

a> 

rH  • E 

w H 

«d  c 

< H 

rH 

a fad 

to 

CM 

O'  to 

id  td 

EO  fd 

2 0 

• 

rH  >> 

1 hi  r.  0 « 

>>  m 

c 

C -H  TJ 

3 

/*•  w 

CO 

rt 

f3  W 

d 0 0 c-4  >> 

64  *H 

•H 

Id  X fa 

O^  CO  HI  W) 

4 H 

r 

W -H 

X td  e 0 / 

fa 

to 

id  64 

fa  td 

O TJ  C 

z z 

4*  tO 

H >*  E O ri 

O to 

rH 

fa  1 3 

• 

- C 0 

0 < 

X 64 

*2  k>  rH 

w TJ 

rt 

X CJ  CO  rH—  tO 

c fd  fa 

fa 

3 •>  id  • 

fa  C 

W d 

d«  -o 

0 

> 
W 3 


.W  c 


fa 

»d 

8* 

Q 


O r-r>s  r> 

H o fa  — 
tc  w o *3  CM 

d-  <mc 

N 06  *H  ^ 

0 *h  X ro 
wO  0'S 


Z 3 
U>  o 
•3  O. 


SI*  faf 


E 

. O 
fa  o 
X 

H r». 


. . _ „ . c 

todE-HC3w^<o 
•H  C W o O O -H 

O 4)  fa  (O  C-«  fa  **W 

COX  fa  C».  E fa>  o 


iZ 

TJ 

c fa 

id  o 
^03 

2TJ 
m fa 
o fa 
O' 

— td  4) 
fa  X 
fa  w 

-J  > 

I!*o 

o c 

•H  *H  C 

fa  a o 

W 10  *H 

X A w 
0)0  0 
X c 

TJ  W 3 
C hi 
10 


C TJ  fa  td 
O C CJ  tc 
•i-t  d *h  -ft 
w w 
x ns  4J  fa 

4-«  f3  C w 

6«  ^ r-t 
d X d W 

fa  3 e d 

W (0  — * 

fa  C 4» 

fa  d x x 

Id  W w 4W 
fa  to  fa  O' 

CflOC 
fa  o fa  W *H 

Q 


fa 
; fa 


= ta  = 


X o 
w 


c 

td 


fa  TJ 
fa  fa  1 

to  w « 
fa  d 


2 

t-lo  :-'o 

k/*-/  v 

IE  elE 


o 

a 

*< 


o 

CJ 


fa 


It 


O 

a 


<DdW0CO’H»<  -r-n' 

x fa  o O TJ  faM 
fa  H^  X X «/>  W^ 

fax  o W H r-t  -*W  Ifl  (I) 

t4  d w c o c 

fa  fa  W fa  TJ  C C fl  w fl 


O »-» 
fa 
fa  to 
CJ  to 

c o 

to  fa  03 
CJ  TJ 
t:  o 
fa  • 


fi  CJ  fa  fa 
o «H  X t4  fa 

•H  61  W X 

> *1  <1*  w 

13  to  H4  X 
X o o >* 

fa  W C X 

x fa  ^ id 

rrx  o fa 
O O'-*  o 

2 


H 

I 


X 

H 


JT* 

OH  <M 


o 

o 

CM 


o 

u 

oT* 

J6 


to 


o a.  x 


XX’HX  C O fawfa 
O'  E tO  G 


) w Id 


Cur-1 
fa  Q Hh 
T3  X 


fa 

C 

O'X  c a. r-t 

§W  fa  *H  X 
•H  6,  3 

-cot, 
4>  4>  *H  W 
X 61  Hi  6-  X 
W 3 Hi  fa  w 
w 4)  a Jt 

So  3 d 

a to  fa 


X 

•* 

o 

c* 


X 

o 


H 

v-r 

ft6 


X 

% 

H 


Ou 

J6 


H 

v— r 
06 


X 

H 


J 


J 


V 


G x 4>  a> 

•H  4J 
in  X 0) 

4)  3 X +4 
«*■«  u o 
g>  in 

•h  4)  G 4) 
*0  *H  O »' 
c g 'H  o 
c i9  to 
■D  Cu 
•H  C C 
3-H 

-coo 

*j*0  O TJ 
9 0 4) 
g»  4>  3 > 

5 in  u 
O.TJ  4) 
G»  rH  tO 
4)  3 X 
•OJZOO 

© AJ  O 


tO  O G *H 

m o *-h 
ns  G u ns 
o o c 
c-H  nj  o 
4)  4-»  **-♦  -H 
4>  *H  U 
A w n ^ 

</>  R *-»  R 

2 o <u  8 

a to  a 

*->  Q> 

•H  ^ X *J 

*°*${ 

s"o  . -H 

•H  0)  tJ  • 
thu  3 tn 

c u g e o 

r s " 8*c 

nj  a»  «G  3 
*3  , x c 

3 G m *H 

O 10  4J  c X 

0>  o o o 

UCC'H-O 
O -H  *J  3 
„ H <l) 

C A}  ‘H  irt 

•h  <o  e > a. 


S * c 

5A  S5S 

*-4 ->  **■»  <D 

*3  E'H  O 

N 10  © H 4)  3 4-» 

TJ  *H  4)  *J  TJ  G rH 

c *j  o w g h c 

•04)C^COEH 
C 4/  tn  o O *H 
4»  O'  G G 

U 3 4)  <D  '*-*  • <D 

•h  G **-*  £ to  to  > 

*J  ‘*-«30'4-'-HC 

*)  4)-H  « C C 4) 

Id  UQ  *H  41  (A  cO 

rH  *H  4 ) *J  WH  X 

JO  u £Hcr  o 

3 G*  . 4J  3 o H 

m ns  > tn  o 3s 

rH  rH  C 4)  0. 

>X  J)-H  h£  • O 

a 3 > *j  a;  o 

in  -ri  m m u u 

4»  G*  TJ  3 ITS  o 
XXuqaoTJto 
U G*  4)  3 4)  -H 

h ftQ>H  4)  O C 

G 3 to  q.'gi  g *-»  3 

O 4>  4)  E 4)  iQ 

O G 4)  O 

4)  0*0  TJ  *-» 

r-G  O rH  O nS 

X ns  ,u  V G G C 

G G -H  U o 

TJ  13  fl)>«  h Hn 

C 4)  c G a1  Q)  *j 
Id£  Id  DH'W  P 3 
G»  ^ ffl'M.Q.a 
>-  -H 

^Gft-rAim3UU 

O-H-O  >.  o w • 
Mh  *r!  G 4)  G CT" 

0 4I^4IO£  Of* 

o cr>  x 4-*  a a „ 

4)  ««H  G»  4)  > ' 

u y • ^ ^ A u 

C g»  in  G G O -C  -r-Cx 
4>  3 0>-H  »G  tf> 

TJ  rH  *H  O 4)  V)  ^ 
C^U^4)(flUld*J 
4)  3 0 O 4)  rH  G 

a to  c-h  4>-h'*«  a>  3 
4)  *H  5>  3 W *41  O 4- 
TJ  E 3 TJ  3 4> 

H G 4)  <V 

4>  3 4)  4)  tO  C G 

r4io^^id-HDitf 
£ *>x  3 G 

G»  tO  CT3  U W E 

4)  rH  4) 

G4)4)30'G4>G 
p^3ocpx:3 
•H  Id  W u *H  ^ cx 


■o  U I 

C o *H  C 
nj  TJ  c 0 
O OQ  *H 
^ 0 0 5-*  Or 

H o^*o 
«-<  <g 

X UV3  d T> 

a-*H  c v 
% o X (0  03  x: 

O Z -H  *J 

x m rt  xo 
»h  c ric  o*-  • 
X^  <01X0^ 
U -H  XJ  ^ o 

T3  X OP-  *H 

C O Q r . > 

41  C *HC  H I® 

>sX  C X 

t*  r-<  •*  -H  • 4» 

U 4)  n *0  G <0 

r&  ^ rl  C 0 

X -H  O 4)  O C C 

4-»  ^4  -H  4J  3 O 

^ O 01  41  o -w 

O 4J  ;!  13  O, 

G.  3 X £ 4) 
C in  O >s  O r< 

0 4)  ->*H  ^4  o O' 

•H  G L,  XL  4<  C 

4J  O 4)  *H 

10  <N  -H  ^ «0  Wl  <0 

N f-4  > O U 4* 

•ri  «0  3 X X 

•'XL  X U **  *-» 
4)  D O O *H 

C H -Qid  fl  O 
O'  r-4  »H 

3 • C G 4 J 

E V>  o 4)  o *->  c 
D'*H  X »M  C 4) 
C V id  E 

QUO)  >0  4) 
r-4  O ^ *H  4) 
4/  C O'  *■>  10  **  U 
O H c:  *0  -H  O' 

Z -H  41  n C Id 
a>  c m 3 a)  o' 

*0  3 *3  O *H  4-) 

COX  4»  O C 
4)  x 4J  4»  c 4) 
4)  #H 

4)  3 «d  x »-* 

•0  4)  TJ  4) 

G u r-4  ns  > rj 

4)  19  G 3 X)  3 V 
•X  4)  O t 4) 
t-X  FOG 
H 4)  O X «0 
^ t Ifl  -f<  o 3 
>-  b>H  M-H  O 
O'X  10  X X 
w4H  W ) W 


X . II 
•*  ^ U m G 
Os/D'H  4> 
v>  *ri  *0  TJ 
X C C 

O m 4>  3 

*o  C X 
c 4_»  O H *-» 

« 3S  8 

x o -H  4J  m 

* T3  C-H 
O 5k  4)  4) 
wX  U EC 
>-  Q.-H  O 
-<  T)  t.  -H 
© 4)  4) 

4)  4-)  x ax 
X O H X H 
*-*  -H  4) 

•o  4) 

C 4)  »XX 
4)  O C 4J 

4)  a o *h 

J «0  3 H-I 
*-*  4)  *H  O 
4)  <0  G 4J 
X o «0  C C 
x a a;  o 

C 4-»  £ G *rl 
O O 4>  *-> 
WO  O 4)  O 
•H  C G *H 
G »0  ^ O'  G 

<d  o id  ^ 
a 5k  io 

E H ifl  y o 

8*H  -H  C 4-» 

(0  (O  4;  4) 

4-»  3 *H  c 

•0  C X < O' 

4)  <?/  3 

«o  E *0  o t 

3 -H  X 
o ti  40  4)  4> 

X 4)  3 X 

to  a c *j 
x g *H 

H 4)  3 U 

•H  4)  O 

4)  *0  tO  U 
rH  O Q lj 

x c a > 

3 *H  >r-s  o 
H G *0  X C . 

t *.  m *o 

4)  x o a o 

*->  4-»  fi>  o 

0)  f-CK.  U U 

T3  3 k t)  to 


•H  4)  I prt) 

e d * t 

« o <d  3 

0 u o o 

40  G 

C TJ  rv>  rj  4) 

O C U X 

•H  *H  O O to 

*>  O G 

<0  4-»  CVD  O *« 

M C Oi  X O O 

•H  4)  i-» 

*J  4)  >4) 

4)  c x a b 

C O O O 3 

O'  O U *-» 

« c 4iyd 

E X H O O c 

*J  C to 

O G 4>  4)  *H  C 

X 10  *4  Tl  C O 

4J  4)  3 C 3 *H 

1 *-»  4) 

*«  4)  id  a <d  4> 

o t4  c a x f-i 

»0  *o  ^)  O' 

4)  U C G • 

O -H  s*0  *H  TJ 

C 4)  C C 10  4) 

4)  X C O nS  *-> 

0 U 0‘H  4)  C 

C *H  *->  O X 4> 

4)  C *H  *H  4-»  E 

a o 4)  o *J  3 

4)  H O ifl  4)  U 

•o  c O'  a u g o 

o c e p *a 

*H  *H  o 10  X* 

o u m 4)  > 

4)  o O Xi  f-i 

U *H  4)  4)  «H 

•H  G X X C *0  3 

TJ  ^ U O V ** 

to  > C 

4)  O <0  •*  C *H  4) 

x e g o a x 

H 4)  4)  *H  G 

C G > 4-»  4)  C 

O'H  o u y u 

••  O 3 r0  4)  O 

to  E 0 O (<  0 

C C X 4)  <0 

O TJ  «0  4)  G 

•H  C G X O 

tO  <0  > **H  *H 

3 Q to  O 

rH  > TJ  TJ  4-»  X 

O C!*D  C H V) 

c c io  53,o  « ^ 

OtilO-Hid'J 
CJ  r»  4-»  P.'M  x 4) 


rH  CN  CO  wTt  VD 


O C tO  II 
to  o 4)  o 4-> 

41  OHH  C G '*-•  I 

4)  x^aGO'po  e 
GC4-*«3E0»ga  t-»o 
0*x  Mid^EC’^WU 
«0  >-h  <o  Gap 

X a to  C i0  G 4) 

to  *-<  C O 4)  o 4)  rH  o to 

pH0Ci/j3Hio  ^4) 
3 3 4 PCini)  O « fl-C 

«H  G3X33X3rJ4-» 

3G*h6*-»>G*-»0.  . 
>03  3 X G G 


y C C0H£  10  C O 
c XO-HC34-* 
cr^  o *H  to  *H  C 4 

•rtP*  4J  3 3 *H  3 G 

0 I3HH1*-  300 

3— ' 4-»G3000^C'XG 

ll^-»33XG.  e 3 G 
•H  3 TJ  *■*  O 0 C d 4) 

*J  3 a G o ^ • . 

C 4»)  C to  t*)  1*^4’ 

C C X '*-•  x -h  r^—  ^cr 

O'  H404)Gw0G 
X fl  0 H (J  0 

3 *i  O 4)  a C 3 0*H 

C • a G e 3 G 
cr*  r^oc30  <d 


c:*  f"TJ  c 3 o hu  oh 
r.  U rtGO)  aoo 
•r*  l/)  O 3 tO  to  G *30^* 

V CJ  OOG3*-»CXO 
3 > * CNM  G 3 4)  *J  to  3 
G X X G a^  X 3 a TJ  TJ 

3 H 4)  3 *-»  G G rvH  O 

*-»  *3  T,4)>GOo*-00 

3 C TJ  3 X 3 fc'H  O O X 

in  h c ogc^g  3 o a -H 

G 3 a o O X -N  0) 

CO  G-hh<4-*  OCX 

g a f*Tj  o *-*  > x g .h 

3 C -H©  V-4  rj  E X OH 

*-»  G o c rJ  . o * x 

3 CJ  JT'TJ  *h  «o  o io  r>*J  4) 

G 4)  C u -O  G G rH  X 

t'  o o ^ w o C o O r*  4-> 

aox3ac  s H0o  0 

EX  0^0  3 3 ->XL  ^ 

J h u e i' d .i  6c*-»o 

*-*  aor  e 6 o a H 
x c g o o C 4)  4) 

EtJG^ooaJJTjatJco 
QHX  X -H  O'  o 3 3 

pjcif,  ciudidc^oid 
G 3 G X>CT>-HO 

H ifl  ) Cl  •«  U -H*-»TJ4i 

C^*T3  35k  C»-tCCX 

XCCtO  rH**4Q30*H 


4)  t>  U 
X TJ  C 
H C 4)  W 

r,t:2 

. C -r*  *J 
C 3 tO 
O x C 4) 
•H  f:  O a 
4-»  -rt  U 3 
3 tr.  O 
G 3 4)  -H 
3 G G TJ 
*J  3 3 C 
3 X -H 
to 

> -43 
'*-*  X O *-* 

' O CJ  3 

7 r00 
c g a 

U H U 

3 G X 


a C *r» 
m-  a 3 x 
° G ^3 

0 W HD 
O 4)  o G 
O 3 CJ  4)  • 

X rH  OX  a 
H 3 E H 

•H  CJ  OH  O 
rH  O f^G  a 
•H  -O 

4>  4-»  o a c 
X 3 CJ  4»  *H 
t-»  N CMG 
•H  3 G 

J 4)  4) 
0 4)  to  X 

c g o a 

4)  C**  O X *.H 
to  3 **-•  H G 

3 /-s  C 4) 

O Co.  3 G 
4)  O-  X 3 


X 4)  C to  -H  *-«  o 3 O -H 

u ) 3 l.  «0  OH  E 

OOJC  4HCOfH 
>aX30i-»30C'3 
GEa^aiON  G 
4>0334)0*HTJ  cr>G 
>U3>tOE*J4)34) 


CO  3 O G 4) 

TJ  G 3 4)  f-i 

G 3 f-i  X a 

3 HH  0>6 
o 3 3 -H  3 

a to  3 x to 


G r* 

»B  4)  v v r* 

CJ  G c X O 

r-rcx  3 H f-i 

X.  G r++  O rs  X 
W O 4)  n • r-x  r> 
t-*  cj  G cr-'  o cj  c- 

C G <W  Co  CJ  9 • 

3 £££*£  E^  ° 

to  > *-»  H 4)  « 

C 4)  tM  T?  a 3 G 

0>0CpC^3  ^ 
a -H  3 G G o 

4H  JK  4J  *J  ^"s  O 

>-H  C.(rt  ow  '♦  CJ 
a to  C 4*  to  f—  CM 

2 0 G G >h  > <k^f  E 
O.P  - CX-p  4)  H 
u c *-»  3 3 a f-i 

o m in  3 *303  >4 

V,  -H  *H  G 4)  4>  a*H 
•H  c C.'  x *-»  »H  % 
c rH3aE-G*p3  a 

"**§  &I3  -Si 

4)  X *-*  .4)  cnTJ  to 

x • e<  3 g -h  c cj' 

U CO  3 O f-i  3 G 

Orl  H id  4) 

rH  3 C 

O 0>«fl  to  X G 3 r*- 

•H  *H  *J  *H  i-*  O X O 

ft)  U X 3 E *H 

a 3 »HC  *H 

C C • X * *J  ^40  X 

ft)  -H  CJ  O'  *rt  X 3 
TJ  *H  O'  3 G f* 

C C >X  C 3 CM 

4)3t0  HH  02  • 

a O 3 > C «-♦  O 

4)  X 4)  *H  4»  tO  > 

TJtO  4)  d 3 4)  X n 

O E G 3 

OJtOGOOtO-HTJ  ^ 
G*H3G*-*C)34)  *H 
3 H 0)  QJ  > u O 

4J  tO  X X 0 G G CJ 
3TJOO  CT*  CD  O CM 

GC-rt  K.3t,o.G 
O 3 - tO  O 3 VU 
a O 3 -H  NJ  G rH 

E 5.  _ ^ 5k  r-«  X 

0/  e r-  »^a  o g r-  w 

iJ  o r-i  r-rj  O 4)  rH 

a O O G CVO,  o 

4)  UO  E(J  ^ 

X 4)  CM  CMO  QJ  CM  < 

HXGXaGau  • c 

4JH030  U G 


41  I 

a r»  c 

HH  CI-H 
*j  rt  G 3 
U X 3 

3 o a c 


o a o 
O 3 to 

CM  x f-i 
ft;  4>  4)  < 
G 

4)  3 4) 

X G X • 


3 4) 

E 

O 

o c 

to  a 

H TJ  ^ 

4J 

• *H 

•H 

. 4) 

O 

C to  E 

5K  *J 

4)  tO  C 

m 

O G 

Q a 

X 4>  -H 

4) 

4) 

•H  *H  *D 

3 

JH  E 

to 

a 

a E g> 

4)  rH 

G G 

3 

*H 

a*H  4> 

X X 

*G  3 Qj 

a 

*-> 

3 rH  TJ 

a 3 

o c 

a 

N C 

to 

•HO 

4) 

3 

**-  o 3 

4J  H O 3 o td  G 

**  E 4) 
rH  TJ  TJ  4)  O TJ  3 
rH  C C X i~p  C O 
3 3 3 X G 3 *“• 


O O a 
•H  TJ  tO 
U 3 3 C 
3 O 3 *H 
X tO 

•h  a to  to 
G TJ  3 


4)  E 3 
4)  X O 
X +-»  a > 

*J  to 

TJ  4>  3 
3 C to  4) 

0 3 4) 

X X C 
to  r>*-»  3 

rH 

O C tO 
CD  (JH  Id 

CM  X 

TJ  4 XX 
c a 

3 '*-*  O *H 

o ^ x • 
3 to 

r-*  r-C  TJ 

X o c 

• *rTK  3 

tO  TJ  *-*”  O 

O'  c >*  a 

•H  3X^  E 

U Tl  H O 

tOG  rH  a 

3C  *-»  rrt 

C X S' 

o o o c 
g»  o a -h 


G C ( 

m-«  a 3 < 

° >.R' 

C »H  E < 
o *J  O u 
*h  a a < 
*J  4)  a 
3 G O * 
X *H  X 
•H  TJ  *>  ** 
G < 

4J  © C 
C G -H  t 
O 3 C 
a to  c 

<0  C *f 

010  O * 

X C -H  V 
H 3 v 
O X < 
P.H  ( 

r g * 

O 3 < 
a a c 


r 


lattice  contribution 
to  the  eaturation 
oTi»  C»„  magnetization. 

vLu^Tm^Co,, 

• 'W'” 


Fig.  10.  The  dependence  on 
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MAGNETIZATION,  MACNETOCRYSTALLINE  ANISOTROPY  AND  MAGNETOSTRICTION  OF  TbjCoi? 
HojCoit  AND  Er2Co17  SINGLE  CRYSTALS* 
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A..  E.  Miller,  T.  D' Silva  and  II.  Rodrlguea 
Department  of  Metallurgical  Engineering  and  Materials  Science 
University  of  Notre  Dame,  Notre  Dame,  Indiana  46556 

ABSTRACT 


This  paper  describes  the  temperature  dependence  of 
magnetization,  the  anisotropy  constant  Ki  and  the  mag- 
netostriction constant  AY  Qf  single  crystals  of 
Tb2Coi7,  Ho2Coi7  and  Er2Coj7  over  the  temperature  range 
77.4°K  to  400°K.  Tb2Coi7  and  Ho2CoI7  have  a uniformly 
easy  magnetization  In  the  basal  plane  while  Er2Coi7 
maintains  an  easy  C axis  over  the  entire  temperature 
range.  The  anisotropy  constant  Ki  was  determined  by  a 
least  square  fit  of  the  theoretical  equation  of  magne- 
tization to  the  measured  magnetization  curve  along  the 
hard  axis.  The  anisotropy  constant  Ki  at  297°K  for 
Tb2Coi7,  Ho2Coi7  and  Er2Co27  is,  -3.2xl07,  -0.9xl07  and 
0.41x10  ergs/cra3,  respectively. 

The  magnetostriction  coefficient  A’  was  determined 
by  the  strain  gage  technique.  The  contribution  of  the 
Tb  Ion  to  tne  magnetostriction  constant  aY  of  the 
R2Coi7  compound  is  positive  whereas  the  contribution 
of  the  Ho  ion  13  negative.  The  magnetostrictive  be- 
havior of  the  Tb  Ion  is  single  ion  In  nature. 


INTRODUCTION 


The  purpose  of  this  paper  is  to  describe  a study 
of  the  saturation  magnetization,  magnetocrystalliue 
anisotropy  anu  rnagne restrictive  behavior  of’TbiCojr, 
Ho2Coi7  and  Er2Coi7  and  to  test  for  the  single  ion  na- 
ture of  the  rare  earth  ions  in  these  compounds.  Simi- 
lar studies  on  R2Coi7  compounds  of  other  heavy  rare 
earth  elements  have  been  reported  earlier.'1-"^ 

The  magnetocrystalline  anisotropy  energy  for  a 
hexagonal  crystal  is  given  by,(6) 


K[  sinz0  + K2sin4e 


(1) 


The  anisotropy  constants  Ki  and  K2  can  be  determined 
by  a least  square  fit  of  the  theoretical  equation  of 
magnetization  to  the  experimentally  determined  magneti- 
zation curve  along  the  hard  axis.(7'  Since  the  aniso- 
tropy constant  K2  is  dependent  on  the  curvature  of  the 
magnetization  curve,  determined  along  the  hard  axis, 
the  complete  magnetization  curve  along  the  hard  axis 
must  be  available  to  determine  K2  accurately. 

The  magnetostrictive  strain  in  hexagonal  crystals 
as  a function  of  the  direction  cosines  of  magnetiza- 
tion, direction  cosines  of  strain  measurement  and  the 
magnetostriction  constants  is  given  by  Callen  and 
Callen. (8)  The  magnetostriction  constant  AY  measures 
the  distortion  in  the  basal  plane  and  is  determined  by 
selecting  the  a axis  as  the  strain  gage  direction  and 
the  a and  axes  as  the  initial  and  final  directions  of 
magnetization  respectively. 

The  magnetization  (m)R  of  the  rale  earth  sublat- 
tice R is  taken  to  be  given  by: 


_R,Co 


m 


17  _ 


Co 


(2) 


The  anisotropy  constant  K,  and  the  magnetostriction 
constant  (AY)r  are  defined  in  a similar  fashion. 

For  single  ion  behavior,  the  magnetostriction  con- 
stant (AY)R  and  the  anisotropy  coefficient  k2  (where 
k$  - Kf  + £ Kj5)  are  related  to  the  magnetization  of 
the  rare  ^irth  sublattice  by  a hyperbolic  Bessel  func- 
tion^6’10''  given  below. 


(AY(T,H)]R  - IAY(0,H)]R  is.  {£-'<— )R} 

/ 2 mo 


It?  (0) 


X»/,  U 


(3) 

(4) 


"(S-)*) 

mo 

where,  the  argument  of  the  Bessel  function  is  the  in- 
verse Iongevln  function  of  the  reduced  magnetization  of 


the  rare  earth  sublattice.  The  single  ion  nature  of 
the  rare  earth  ion  in  compounds  with  transition  metals 
and  in  pure  elements,  is  reported  in  literature.  (ll » 1 2) 

EXPERIMENTAL 


The  saturation  magnetization,  magnetization  curves 
in  the  easy  and  hard  directions,  and  the  magnetostric- 
tion constant  AY  were  determined  from  77.4°K  to  400°K 
on  single  crystals  of  the  three  compounds.  Details  of 
specimen  preparation  and  experimental  technique  are 
described  in  previous  papers.  O'4) 

RESULTS  AND  DISCUSSION  / 


Tb2Goi7  and  Ho2Co17  are  both  easy  basal  plane  and 
Er2Coi7  is  easy  C axis.  The  field  dependence  of  the 
magnetization  along  easy  and  hard  directions  for 
TbuCoi 7 , Ho 2 Co 1 7 and  Er2CO]7  are  shown  in  Figs.  1,  2, 
ana  3,  respectively.  Fig.  4 shows  the  temperature  de- 
pendence of  the  saturation  magnetization  determined 
from  the  magnetization  curves  in  the  easy  direction. 
Tr.c  saturation  magnetization  measured  on  aligned  pow- 
ders ( 1 3 » 1 4 1 1 5)  of  these  compounds  and  single  crys- 
stals(16)  of  Tb2Coi7  and  Ho2Coi7,  was  determined  by 
the  extrapolation  technique.  The  Ms  value  of  TbjCoi? 
only,  agrees  with  that  reported  by  Strnat  ct  al.(14l 
The  saturation  magnecization  of  the  R-Co  compounds  de- 
pends on  the  composition,  which  is  controlled  by  the 
purity  of  the  starting  materials  and  the  alloy  pre- 
paration technique.  The  crystals  used  in  this  study 
were  all  Co  rich  with  chemically  analysed  composi- 
tions of  Tb2Co  17.05,  ErjCoj  7.03  and  Ho2Coj7.i,6.  This 
could  explain  the  higher  Ms  values  for  Tb2Coj7  and 
Ho2Co17  in  comparison  to  those  reported  by  Deryagln 
and  Kudrevatykh. ( 1 s) 


Mt  ( KOe) 

Fig.  1(a).  The  true  field  dependence  of  magnetization 
3long  the  easy  a axis  for  Tb2Coi7 


Fig.  5 shows  the  temperature  dependence  of  Kj 
for  Er2Coi7,  Ko2Coi7  and  Tb2Coi7.  The  K,  values  for 
these  compounds  were  determined  from  the  initial  seg- 
ment ot  the  magnetization  curves  in  the  hard  direc- 
tion. The  Ki  values  for  Tb2Coi7  and  H07C01?  agree 
fairly  well  with  the  Keff  values  reported  by 
Deryagln  and  Kudrevatykh. C The  anisotropy  con- 
stant Ki  of  Kr2Coi7  at  297°K  measured  on  aligned 
powder  by  Naraslmban  et  al,(15)  is  0.27xl07ergs/cc 
as  compared  to  0.4x10 ’ergs/cc  reported  in  this  study. 
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Fig.  1(b).  The  true  field  dependence  of  magnetization 
along  the  hard  c axis  for  TbzCou. 


along  the  easy  a axis  and  the  hard  £ axis 
for  H02C017. 


Fig.  3.  The  true  field  dependence  of  magnetization 
along  the  easy  c axis  and  hard  a axis  for 
tr;Coi7. 

Fig.  6 shows  the  temperature  dependence  of  the 
magnetostriction  constant  Ay  for  Tb?Coi7  and  H02C017. 
The  constant  Ay  for  Fr.-Coi?  could  not  be  determined 
because  of  lack  of  saturation  in  the  basal  plane,  with 
available  fields.  The  Tb  Ion  has  a positive  contribu- 
tion to  the  magnetostriction  of  the  RjCo17  compounds 
whereas  the  contribution  of  the  Ho  ion  is  negative. 
This  is  due  to  the  difference  in  share  between  the  two 
rare  earth  ions. ( 1 ’) 


Fig.  4.  The  temperature  dependence  of  saturation 
magnetization. 


Fig.  5.  The  temperature  dependence  of  the  anisotropy 
constant  Ki  for  TbjCoir  Er2CO]7  and  HO2C017. 


Fig.  6.  The  temperature  dependence  of  XY  for  Tb2Co)7 
and  Ho2Coi7. 


The  cobalt  contribution  to  the  Tb2Coi7  and 
H02C017  is  determined  from  Y2C017  which  is  also  easy 
basal  plane.  Although  pure  Co  differs  structurally, 
the  K|  values  for  pure  Co  reported  in  literature, 
is  used  for  determining  the  Co  contribution  to  Kj  for 
Er2Coi7,  since  pure  Co  and  the  Co  sublattlce  in 
Er2Co] 7 both  have  an  easy  C-axis  and  therefore  the 
same  sign  for  K|.  Since  the  anisotropy  constant  K2 
could  not  be  determined  accurately,  the  anisotropy 
constant  Ki  is  used  in  Equation  4 which  is  plotted  in 
Figs.  7,8  and  9 for  Tb2Coi7,  Ho2Coj7  and  Er2Coj7,  re- 
spectively. Only  the  Er  ion  shows  good  agreement  with 
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Fig.  7.  The  magnetization  dependence  of  K,  and 
(1Y)T**  for  the  Tb  Ion. 
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Fig.  8,  The  magnetization  dependence  of  Kt  and 
(XY)H°  for  the  Ho  ion. 
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Fig.  9.  The  magnetization  dependence  of  K,  for 
Che  Er  ion. 

single  ion  anisotropy  behavior  which  may  indicate  that 
K?  is  not  as  significant  In  Er2Coi7  as  in  the  other 
compounds.  The  contribution  to  magnetostriction  of 
the  Tb  and  Ho  ions  are  showsn  in  Figs.  9 and  10.  The 


magnetostriction  of  the  Tb  Ion  shows  excellent  agree- 
ment with  single  ion  behavior  whereas  the  deviation 

of  the  Ho  Ion  from  this  behavior  is  not  understood. 

■*Work  supported  by  the  Office  of  Naval  Research. 
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Metals  and  Ceramics  Division 
Oak  Ridge  National  Laboratory 
P.O.  Box  X 

Oak  Ridge,  Tennessee  37830 
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Los  Alamos  Scientific  Laboratory 
Report  Librarian 
P.0.  Box  1663 

Los  Alamos,  New  Mexico  87544  1 

Commanding  Officer 
Army  Materials  and  Mechanics 
Research  Center 

Watertown,  Massachusetts  02172 

Attn:  Res.  Programs  Office  (AMXMR-P)  1 

Library 

Bldg.  50,  Room  134 

Lawrence  Radiation  Laboratory 

Berkeley,  California  94720  1 

Commanding  Officer 

Naval  Underwater  Systems  Center 

Newport.  Rhode  Island  02840  1 

Aerospace  Research  Laboratories 
Wright-Patterson  AFB 
Building  450 

Dayton,  Ohio  45433  1 

Defense  Metals  Information  Center 
Battelle  Memorial  Institute 
505  King  Avenue 

Columbus,  Ohio  43201  1 

Defense  Ceramics  Information  Center 
Battelle  Memorial  Institute 
505  King  Avenue 

Columbus,  Ohio  43201  1 

Army  Electronics  Command 

Evans  Signal  Laboratory 

Solid  State  Devices  Branch 

c/o  Senior  Navy  Liaison  Officer 

Fort  Monmouth,  New  Jersey  07703  1 

Commanding  General 
Department  of  the  Army 
Frankford  Arsenal 
Philadelphia,  Pennsylvania  19137 

Attn:  ORDBA-1320 , 64-4  1 

Executive  Director 
Materials  Advisory  Board 
National  Academy  of  Sciences 
2101  Constitution  Avenue,  N.W. 

Washington,  D.C.  20418 
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NASA  Headquarters 
Code  RRM 

Washington,  D.C.  20546 
afml/mx 

Wright- Patterson  AFB,  Ohio  45433 

Advanced  Research  Projects  Agency 
1400  Wilson  Boulevard 
Arlington,  Virginia  22209 
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Attn:  Director,  Materials  Sciences  1 

HQDA  (DARD-ARS-P/Dr.  J.  Bryant) 
Washington,  D.C.  20310  1 

Department  of  Interior 
Science  and  Engineering  Advisor 
Bureau  of  Mines 

Washington,  D.C.  20240  1 

National  Aeronautics  & Space  Adm. 
Librarian 

Lewis  Research  Center 
21000  Brookpark  Road 

Cleveland,  Ohio  44135  1 

Naval  Missile  Center 
Materials  Consultant 
Code  3312-1 

Point  Mugu,  California  93041  1 

Commanding  Officer 
Naval  Weapons  Center  Corona  Labs. 

Corona,  California  91720  1 

Commander 

Naval  Air  Test  Center 
Weapons  Systems  Test  Division 
Code  01A 

Patuxent  River,  Maryland  20670  1 

Director 

Ordnance  Research  Laboratory 
P.O.  Box  30 

State  College,  Pennsylvania  16801  1 
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Commander 

Naval  Undersea  Warfare  Center 

271  Catalina  Boulevard 

San  Diego,  California  92152 
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Director 

Applied  Physics  Laboratory 
Johns  Hopkins  University 
8621  Georgia  Avenue 

Silver  Spring,  Maryland  20901  1 

Director  Applied  Physics  Laboratory 

University  of  Washington 

1013  Northeast  Fortieth  Street 

Seattle,  Washington  98105  1 

Materials  Sciences  Group 
Code  S130.1 

Navy  Electronics  Laboratory 
271  Catalina  Boulevard 

San  Diego,  California  92152  1 

Commanding  Officer 
Naval  Ships  R&D  Center 
Washington,  D.c.  20007 

Attn:  Code  747  1 

Materials  Sciences  Corporation 
Blue  Bell  Office  Campus 
1777  Walton  Road 

Blue  Bell,  Pennsylvania  19422  1 

Mr.  Richard  J.  Janowiecki 
Monsanto  Research  Corporation 
Dayton  Laboratory 
1515  Nicholas  Road 

Dayton,  Ohio  45407  1 
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Address 

Professor  G.  S.  Ansell 
Rensselaer  Polytechnic  Institute 
Dept,  of  Metallurgical  Engineering 
Troy,  New  York  12181 

Professor  H.  D.  Brody 
University  of  Pittsburgh 
School  of  Engineering 
Pittsburgh,  Pennsylvania  15213 

Professor  J.  B.  Cohen 
Northwestern  University 
Dept,  of  Material  Sciences 
Evanston,  Illinois  60201 

Professor  M.  Cohen 
Massachusetts  Institute  of 
Technology 

Department  of  Metallurgy 
Cambridge,  Massachusetts  02100 

Professor  B.  C.  Giessen 
Northeastern  University 
Department  of  Chemistry 
Boston,  Massachusetts  02115 

Dr.  G.  T.  Hahn 
Battelle  Memorial  Institute 
Department  of  Metallurgy 
505  King  Avenue 
Columbus,  Ohio  43201 

Professor  R.  W.  Heckel 
Carnegie-Mellon  University 
Schenley  Park 

Pittsburgh,  Pennsylvania  15213 

Professor  R.  F.  Hehemann 
Case  Western  Reserve  University 
Dept,  of  Metallurgy  & Matls.  Sci. 
Cleveland,  Ohio  44106 

Professor  G.  Judd 
Rensselaer  Polytech  Institute 
Dept,  of  Materials  Engineering 
Troy,  New  York  12181 

Professor  A.  Lawley 

Drexel  University 

Dept,  of  Metallurgical  Engr. 

Philadelphia,  Pennsylvania  19104 
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Professor  R.  Maddin 
University  of  Pennsylvania 
School  of  Metallurgical  Engr. 
Philadelphia,  Pennsylvania  19105 

Professor  J.  W.  Morris,  Jr. 
University  of  California 
College  of  Engineering 
Berkeley,  California  94720 

Professor  R.  M.  Rose 
Massachusetts  Institute  of 
Technology 

Department  of  Metallurgy 
Cambridge,  Massachusetts  02100 

Professor  0.  D.  Sherby 
Stanford  University 
Materials  Sciences  Department 
Stanford,  California  94300 

Professor  J.  Shyne 
Stanford  University 
Materials  Sciences  Department 
Stanford,  California  94300 

Professor  N.  S.  Stoloff 
Rensselaer  Polytechnic  Institute 
School  of  Engineering 
Troy,  New  York  12181 

Dr.  E.  R.  Thompson 

United  Aircraft  Res.  Laboratories 

400  Main  Street 

East  Hartford,  Connecticut  06108 

Professor  David  Turnbull 
Harvard  University 
Division  of  Engineering  and 
Applied  Physics 

Cambridge,  Massachusetts  02100 

Professor  H.  G.  F.  Wilsdorf 
University  of  Virginia 
Department  of  Materials  Science 
Charlottesville,  Virginia  22903 

Dr.  J.  C.  Williams 
Rockwell  International 
Science  Center 
P.O.  Box  1085 

Thousand  Oaks,  California  91360 

Dr.  C.  S.  Kortovich 
TRW,  Inc. 

23555  Euclid  Avenue 
Cleveland,  Ohio  44117 


Address 


Professor  D.  A.  Koss 
Michigan  Technological  University 
College  of  Engineering 
Houghton,  Michigan  49931 

Dr.  E.  A.  Starke,  Jr. 

Georgia  Institute  of  Technology 
School  of  Chemical  Engineering 
Atlanta,  Georgia  30332 

Dr.  W.  A.  Spitzig 
U.S.  Steel  Corporation 
Research  Laboratory 
Monroeville,  Pennsylvania  15146 

Dr.  M.  A.  Wright 
University  of  Tennessee 
Space  Institute 

Department  of  Metallurgical  Engr. 
Tullahoma,  Tennessee  37388 

Dr.  L.  Leonard 

The  Franklin  Institute  Research  Labs 
The  Benjamin  Franklin  Parkway 
Philadelphia,  Pennsylvania  19103 

Professor  L.  E.  Murr 
New  Mexico  Institute  of 
Mining  and  Tech. 

Metallurgical  Engineering 
Socorro,  New  Mexico  87801 

Dr.  G.  H.  Meier 
University  of  Pittsburgh 
Dept,  of  Metallurgical  and 
Materials  Engineering 
Pittsburgh,  Pennsylvania  15213 

Dr.  J.  R.  Low,  Jr. 

Carnegie-Mellon  University 
Metals  Research  Laboratory 
Schenley  Park 

Pittsburgh,  Pennsylvania  15213 

Professor  H.  K.  Birnbaum 
University  of  Illinois 
Department  of  Metallurgy 
Urbana,  Illinois  61801 

Dr.  F.  E.  Wang 
Naval  Ordnance  Laboratory 
Physics  Laboratory 
White  Oak 

Silver  Spring,  Maryland  20910 
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